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1 INTRODUCTION

This technical report summarizes the work performed under
contract No. F306§02-77-C-0176 from January i5, 1972 ta August 16,
1979. We report progress in the following arxeas:

Draper Work
Algorithm DPevelopment

1. DC measurement problem
2. Two focal planes or two wavelengths for extended objects
3. Smoothing techniques

Hughes Horls

1. Roise
2, Blind Test

Experimental Work
One-D Results

2  DRAPER WORK

Personnel from Draper gave us 2 phase aberration that is a
typical output from a simulation of the ITEK imaging model. We
fit this aberration with a l4-term Zernicke polynomial expansion
and constructed a point spread function (PSP} froz= the polynomial
phase.

When we performed phase retrieval on the PSP at A = 8 microns
the phase was retrieved almost exactly. At A = 4 microns, where
the effective phase aberration is twice as large as at 8 micronms,
the algorithm did not perform as well. The residual phase produced
an improved PSF but it was far from diffraction limited.

At an August 16 mee¥ing of Draper and EIXONIX personnel, we
decided to perform another round of phase retrieval on the improved
PSFP.

Details of this work appear in TM-9 and a report of the successful
recovery of the phase in the above-mentioned second iteration will

appear in the final xeport.




3  ALGORITHM DEVELOPMENI]

3.1 DC Measurement Problem

Quantization of the cbserved PSP causes an error in the
DC (f = 0) term of the optical transfer function (OTF). Ir
simulations this was not a problem because the data was generated
in floating-point form. However, the phenomenon appears in
measurements from our experiment where the data is recurded
only to 8 significant hits.

The current algorithm fits an observed OTP with an
hypothesized OTF, both normalized to one at £ = 0. Thus an error
in the normalization can cause an incorrect, hypothesized OTF to
fit the observed OTF better than the cerrect OTF.

The remedy is simple. We find the constant that scales
the hypothesized OTF to best fit the observed OTP (in a mean square
error sense). Calculation of the constant is straightforward.
Details appearedé in the May 1979 monthly report and will be updated
for the final report.

3.2 Two Pocal Planes or Two Waveicngths

This algorithm is particularly usefrl for extended objects.
1f the object's spectrun O(f) is known, ther the problem is nearly
identical to that o? the peint object. The algorithm uses O(f) and
O(E)Pclﬂ in the block diagram of Figure 1. P(f) and Pc(f) are the
obgervea and hypothesized OTF's.

If thes object (scene) is unknown, then it must first be
eszimated based on additional information. Such information might
cone from an zdditional observation of the scene at another wave-
length or =t imuthex focal position. Call the two observations
zltx) and zzt.) wxrh Peurier transforms zl(f) and zz(f). Then &n
appropriate asninazte of the object spectrum is

?lc*(f)zl(f) + pzc*u;zzu)
2
lPlc(f)l + [P, (6)]

4

8(f) =




s

where Plc(f) and PZc(f) are estimates of the system OIF's based
on an estimate of the unknown phase aberration. This estimate
is used in a slight modification to the algorithm of Figure 1 to
find the best phase estirmate.

This algorithm was tested, successfully, with a simulated,
Gzussian object and noiseless cbservations at two focal positions.
Testing with more general objects will be reported in the final
report.
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3.3 Smoothing Techniques

The errcr metric of Figure 1 has many local minima in the
N-dimensional space of the Zernicke polynomial coefficients.
one-D notation the metric is

2
=
&
b
E

In

E(C) = f]p(e)- B (0) [ at,

where P(f) is the observed OTP and

Pc(f) is the hypothesized OTF
with parameter vector C.

In earlier work under this contract (TM-9),
we developed a method to smooth the metric by averaging over C-
intervals. Thus,the averaged metric is

PRSPPI IR, FELRLALS

ETEY = slete)|%af - 2 melsp*(£)B_(2Taf} + Slpo(6) |2at,

where the overbar denotes the C~-average. In thct earlier work,

we showed plots of the second term for a particular, observed OTF, ,
P(f), and for aone-dimensional variation of the C-vector.

In this reporting pericd we studied the third term to see how
rapidly it varies with the several C-parameters.

T™-4 is a xeport
of this study.

We found that the Zernicke polynomials for coma,
0 and 45 degree astigmatism and X and Y coma were relatively
smooth for coefficients from about .2 to .6 (waves). This provided
us with a rationale for selecting the interval (.25 to .5) for the
grid search of the basic algorithm.

The result above is a by-product of the search for a good smoothing
technique. We have neither programmed nor tested E(C), itself, to
see if it provides a better metric --one that can be searched more
efficiently because it has fewer minimg. This task has not been

undertaken, as yet, because of its lower priority awony other taske
to be accomplished.
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4 WORK WITH HUGHES AIRCRAFT CCMPANY

During this period we used phase retrieval algorithms developed
under this contract in two separate tasks for Hughes Aircraft Company.
The first was a study of the algorithm’'s performance with additive
noise in the meazured PSF and the second was a blind test. At the
request of the contract monitor and with Hughes' permission, we
briefed the government on this work ca August 16, 1979.

In the first task we estimated the residuval phase error vs.
measurement noise in the PSF. We found that when the PSP is
corrupted by signzl-dependent noise with variance kp(x), it causes
the residual phase (after correction) to increase gradually up to
some value of k and then it increases rapidly. Pigure 2 shows z
typical plot of the residuai phase's rms value vs. input noise level
when the original phase has an rms value of 0.3 waves. This plot
was obtained by Monte Carlo simulation. For k higher than 0.4 the
residual phase increases dramatically.

i
8 g (in waves) Obsexved PSF = p(x) + [kp(x)) n(x)
n{x)= Gaussian, m=0, ¢“=)
0.10
0.08 +
0.06 +
0.08 +
0.02 4
0.00 t t + t
0 0.% 0.2 0.3 0.4 Xk

Pigqure 2 Residual ems vs. measurement noise when
input ems is 0.3 waves.
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The second task was a blind test where Hughes supplied us with
a PSF from a system with unknown (tc EIKONIX) phase aberration.
We estimated the phase from the PSF. 7The results are sumsarized
in Figure 3. The real phase (at the botiom) was given to EIKONIX
by Hughes after the task was completed.




The second task was a blind test whare Hughes supplied us with
a PSF from a system with unknown (to EIKONIX) phase aberration.
We estimated the phase from the PSF. The results are summarized
in Figure 3. The real phase (at ths bo:ttom) was given to EIKONIX
by Hughes after the task was completed.
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5 EXPERIMENTAL WORK

The phase retrieval algorithm has been extensively tested in
computar simulationr, in which a point spread function from an
akerrated cptical system is generataecd by the computer amd the PSF
iz passed to the phase retrieval program. Although this kirnd of
workx is a necessary first step, an experimental verification, in
which an optical syst¢em with measured aberration is used to crezte
the ESP, is needed to really prove the concept. An experiment
was desigrted to provide that proof. ¥e fabricated a phase aberration,
neasured it interferometrically (Figure 4}, put it in am optical
system to generate the PSF (Figure 5), submitted this PSF to the
phase retrieval algorithm, and Stmparad the resulting estimated
phase (Pigure €) to the measured rhzse. The agreement is excellent
and provides the first actual demcnstration of phase retrieval in
wavefront sensing.

A detailed presentation of the experiment will be given in
the final report.
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Pigure & Interfercmetrically measured phase aberration
reconstructed with Zernicke polynomials
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6 ONE-D RESULTS

Two algorithms were developesd fer the one-dimensional phase
retrieval problem. The first mzy be tseful for small ghase
aberrations and the second appears to be a satisfactory solution’
for the noiseless, one-D problen.

Consider a small phase 6(f) for which the cocherent system
function H(f) has the approximation

18 (f)

H(f) = e ., €] < 1.

® 1+ ie(f), J£] < 1.

The system OTF is the autocorrelation of E(f).

More generally, we define

C(f) =1 + i6(f)

where 8(f) is real but not necessarily smail. Its autocorrelation
P(f) is observed and the problem of phase retrieval is to find 8(f)

We have shown that this -roblem has an exact solution a2ad have
developed an algorithm to find 'it. The solution is

k-1
ex = Myxa1 T Z ) /8,
322 3 WK

X
On-x+1 = Bg-x+1 ~ Z (Cpeg-x~ %+
J=2
where the Ax and By are samples of the real and imaginary parts of
the measured OTF (less the diffraction-iimited OTF), and ex is a
sample of 6(f).

Aderivation of the result and several exampies will appzac in
the final report.

B




14

The second algorithm attacks the more general problem where
the sampled OTF is

N-K+1
*
Py = Z By Hipxer -
J=1

We can show that

PK = angle of T)x

- -1
Gy = cos (DK/'.’) ‘

and

x-1
LT >
K~ “N-R+1 & Ho* Hyo v

The choice of signs for 8 yields a 2-fold ambiguity for each
value of K or a 2 -f.old ambiguity for N B ‘s. The ambiguity is
resolved by monitoring the magnituge of D If, at any K, DK has
magnitude greater than 2, an incorrect sign has been ®ade prior to
the current value of K. Thnis prunes the binary tree in such a way
that the number of branches grows approximately linearly with X,
an entirely manageable search. This is an observation, not a
theorem, based on some searches of size N = 10, 20 and 64.

Details and exawmples will be given in the final report.
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